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ATOMIC LAYER DEPOSITED BARIUM 
STRONTIUM TITANIUM OXIDE FILMS 

TECHNICAL FIELD 

0001. This application relates generally to semiconductor 
devices and device fabrication. 

BACKGROUND 

0002 The semiconductor device industry has a market 
driven need to reduce the size of devices used in products 
Such as processor chips, mobile telephones, and memory 
devices such as dynamic random access memories 
(DRAMs). Currently, the semiconductor industry relies on 
the ability to reduce or scale the dimensions of its basic 
devices. This device scaling includes scaling dielectric lay 
ers in devices such as, for example, capacitors and silicon 
based metal oxide semiconductor field effect transistors 
(MOSFETs) and variations thereof, which have primarily 
been fabricated using silicon dioxide. A thermally grown 
amorphous SiO, layer provides an electrically and thermo 
dynamically stable material, where the interface of the SiO, 
layer with underlying silicon provides a high quality inter 
face as well as superior electrical isolation properties. How 
ever, increased scaling and other requirements in microelec 
tronic devices have created the need to use other materials 
as dielectric regions in a variety of electronic structures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0003 FIG. 1 shows a representation of an embodiment of 
a transistor having a dielectric layer containing a barium 
strontium titanium oxide film, an erbium-doped barium 
strontium titanium oxide film, or a combination thereof. 
0004 FIG. 2 shows a representation of an embodiment of 
a floating gate transistor having a dielectric layer containing 
a barium strontium titanium oxide film, an erbium-doped 
barium strontium titanium oxide film, or a combination 
thereof. 
0005 FIG. 3 shows a representation of an embodiment of 
a capacitor having a dielectric layer containing a barium 
strontium titanium oxide film, an erbium-doped barium 
strontium titanium oxide film, or a combination thereof. 
0006 FIG. 4 depicts a representation of an embodiment 
of a dielectric layer having multiple layers including a 
barium strontium titanium oxide layer, an erbium-doped 
barium strontium titanium oxide layer, or a combination 
thereof. 
0007 FIG. 5 illustrates a representation of an embodi 
ment of a flat panel display having an erbium-doped barium 
strontium titanium oxide film. 
0008 FIG. 6 depicts a representation of an embodiment 
of an optoelectronic apparatus having an electrooptic region 
that includes a barium strontium titanium oxide layer, an 
erbium-doped barium strontium titanium oxide layer, or a 
combination thereof. 
0009 FIG. 7 depicts a representation of a simplified 
diagram for an embodiment of a controller coupled to an 
electronic device having a dielectric layer containing a 
barium strontium titanium oxide layer, an erbium-doped 
barium strontium titanium oxide layer, or a combination 
thereof. 
0010 FIG. 8 illustrates a representation of a block dia 
gram for an embodiment of an electronic system having 
devices with a dielectric film containing a barium strontium 
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titanium oxide layer, an erbium-doped barium strontium 
titanium oxide layer, or a combination thereof. 

DETAILED DESCRIPTION 

I0011. The following detailed description refers to the 
accompanying drawings that show, by way of illustration, 
embodiments in which the present invention may be prac 
ticed. These embodiments are described in sufficient detail 
to enable those skilled in the art to practice embodiments of 
the present invention. Other embodiments may be utilized 
and structural, logical, and electrical changes may be made. 
The various embodiments are not necessarily mutually 
exclusive, as some embodiments can be combined with one 
or more other embodiments to form new embodiments. 
I0012. The term substrate used in the following descrip 
tion includes any structure having an exposed surface with 
which to form a structure such as an integrated circuit (IC) 
structure. The term substrate is understood to include a 
semiconductor wafer. The term substrate is also used to refer 
to semiconductor structures during processing, and may 
include other layers that have been fabricated thereupon. A 
Substrate includes doped and undoped semiconductors, epi 
taxial semiconductor layers supported by a base semicon 
ductor or insulator, as well as other semiconductor structures 
known to those skilled in the art. The term conductor is 
understood to generally include n-type and p-type semicon 
ductors, and the term insulator or dielectric is defined to 
include any material that is less electrically conductive than 
the materials referred to as conductors. The following 
detailed description is, therefore, not to be taken in a limiting 
SCSC. 

0013. In an embodiment, a barium strontium titanium 
oxide film is formed using atomic layer deposition (ALD). 
In an embodiment, an erbium-doped barium strontium tita 
nium oxide film is formed using atomic layer deposition. 
Various forms of ALD may be used including radical 
enhanced atomic layer deposition. Embodiments include 
structures for capacitors, transistors, memory devices, opto 
electronic devices, and systems with a barium strontium 
titanium oxide film, an erbium-doped barium strontium 
titanium oxide film, or a combination thereof structured as 
one or more monolayers, and methods for forming such 
structures. Forming such a dielectric film using atomic layer 
deposition allows for the control of transitions between 
material layers. As a result of such control, both atomic layer 
deposited barium strontium titanium oxide dielectric films 
and atomic layer deposited erbium-doped barium strontium 
titanium oxide dielectric films can have an engineered 
transition with the surface of a material on which is config 
ured. 

I0014 ALD, also known as atomic layer epitaxy (ALE), is 
a modification of chemical vapor deposition (CVD) and is 
also called "alternatively pulsed-CVD.” In ALD, gaseous 
precursors are introduced one at a time to the substrate 
surface mounted within a reaction chamber (or reactor). This 
introduction of the gaseous precursors takes the form of 
pulses of each gaseous precursor. In a pulse of a precursor 
gas, the precursor gas is made to flow into a specific area or 
region for a short period of time. Between the pulses, the 
reaction chamber may be purged with a gas, where the 
purging gas may be an inert gas. Between the pulses, the 
reaction chamber may be evacuated. Between the pulses, the 
reaction chamber may be purged with a gas and evacuated. 
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0015. In a chemisorption-saturated ALD (CS-ALD) pro 
cess, during the first pulsing phase, reaction with the Sub 
strate occurs with the precursor saturatively chemisorbed at 
the Substrate surface. Subsequent pulsing with a purging gas 
removes precursor excess from the reaction chamber. 
0016. The second pulsing phase introduces another pre 
cursor on the substrate where the growth reaction of the 
desired film takes place. Subsequent to the film growth 
reaction, reaction byproducts and precursor excess are 
purged from the reaction chamber. With favourable precur 
sor chemistry where the precursors adsorb and react with 
each other aggressively on the Substrate, one ALD cycle can 
be performed in less than one second in properly designed 
flow type reaction chambers. Typically, precursor pulse 
times range from about 0.5 sec to about 2 to 3 seconds. Pulse 
times for purging gases may be significantly longer, for 
example, pulse times of about 5 to about 30 seconds. 
0017. In ALD, the saturation of all the reaction and 
purging phases makes the growth self-limiting. This self 
limiting growth results in large area uniformity and confor 
mality, which has important applications for Such cases as 
planar Substrates, deep trenches, and in the processing of 
porous silicon and high Surface area silica and alumina 
powders. Atomic layer deposition provides control of film 
thickness in a straightforward manner by controlling the 
number of growth cycles. 
0018. The precursors used in an ALD process may be 
gaseous, liquid or Solid. However, liquid or solid precursors 
should be volatile. The vapor pressure should be high 
enough for effective mass transportation. Also, Solid and 
Some liquid precursors may need to be heated inside the 
reaction chamber and introduced through heated tubes to the 
Substrates. The necessary vapor pressure should be reached 
at a temperature below the substrate temperature to avoid the 
condensation of the precursors on the substrate. Due to the 
self-limiting growth mechanisms of ALD, relatively low 
vapor pressure solid precursors can be used, though evapo 
ration rates may vary somewhat during the process because 
of changes in their surface area. 
0019. There are several other characteristics for precur 
sors used in ALD. The precursors should be thermally stable 
at the Substrate temperature, because their decomposition 
may destroy the Surface control and accordingly the advan 
tages of the ALD method that relies on the reaction of the 
precursor at the Substrate Surface. A slight decomposition, if 
slow compared to the ALD growth, may be tolerated. 
0020. The precursors should chemisorb on or react with 
the Surface, though the interaction between the precursor and 
the Surface as well as the mechanism for the adsorption is 
different for different precursors. The molecules at the 
Substrate Surface should react aggressively with the second 
precursor to form the desired solid film. Additionally, pre 
cursors should not react with the film to cause etching, and 
precursors should not dissolve in the film. Using highly 
reactive precursors in ALD contrasts with the selection of 
precursors for conventional CVD. 
0021. The by-products in the reaction should be gaseous 
in order to allow their easy removal from the reaction 
chamber. Further, the by-products should not react or adsorb 
on the Surface. 
0022. In a reaction sequence ALD (RS-ALD) process, the 
self-limiting process sequence involves sequential Surface 
chemical reactions. RS-ALD relies on chemistry between a 
reactive surface and a reactive molecular precursor. In an 
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RS-ALD process, molecular precursors are pulsed into the 
ALD reaction chamber separately. A metal precursor reac 
tion at the substrate is typically followed by an inert gas 
pulse to remove excess precursor and by-products from the 
reaction chamber prior to pulsing the next precursor of the 
fabrication sequence. 
0023. By RS-ALD, films can be layered in equal metered 
sequences that may all be identical in chemical kinetics, 
deposition per cycle, composition, and thickness. RS-ALD 
sequences generally deposit less than a full layer per cycle. 
Typically, a deposition or growth rate of about 0.25 to about 
2.00 A per RS-ALD cycle may be realized. 
0024 Processing by RS-ALD provides continuity at an 
interface avoiding poorly defined nucleating regions that are 
typical for chemical vapor deposition (<20 A) and physical 
vapor deposition (<50 A), conformality over a variety of 
Substrate topologies due to its layer-by-layer deposition 
technique, use of low temperature and mildly oxidizing 
processes, lack of dependence on the reaction chamber, 
growth thickness dependent solely on the number of cycles 
performed, and ability to engineer multilayer laminate films 
with a resolution of one to two monolayers. RS-ALD 
processes allow for deposition control on the order of 
monolayers and the ability to deposit monolayers of amor 
phous films. 
0025 Herein, a sequence refers to the ALD material 
formation based on an ALD reaction of a precursor with its 
reactant precursor. An ALD sequence for a metal oxide may 
be referenced with respect to the metal and oxygen. For 
example, erbium oxide may be formed using a sequence 
including Er(thd) (thd=2.2.6.6 tetramethyl-3,5-hep 
tanedone) and oZone, as its reactant precursor, where such a 
sequence may be referred to as an erbium/oxygen sequence 
or an erbium sequence. In various ALD processes that form 
an oxide or a compound that contains oxygen, a reactant 
precursor that contains oxygen is used to Supply the oxygen. 
Herein, a precursor that contains oxygen and that Supplies 
oxygen to be incorporated in the ALD composition formed, 
which may be used in an ALD process with precursors 
Supplying the other elements in the ALD compound, is 
referred to as an oxygen reactant precursor. With an ALD 
process using Er(thd) and OZone, OZone is an oxygen 
reactant precursor. An ALD cycle may include pulsing a 
precursor, pulsing a purging gas for the precursor, pulsing a 
reactant precursor, and pulsing the reactant precursors 
purging gas. An ALD cycle may include pulsing a precursor, 
evacuating the reactant chamber, pulsing a reactant precur 
Sor, and evacuating the reactant chamber. An ALD cycle 
may include pulsing a precursor, pulsing a purging gas for 
the precursor and evacuating the reactant chamber, pulsing 
a reactant precursor, and pulsing the reactant precursors 
purging gas and evacuating the reactant chamber. 
0026. In forming a layer of a metal species, an ALD 
sequence may deal with pulsing a reactant precursor to the 
Substrate surface on which a metal-containing species has 
been adsorbed such that the reactant precursor reacts with 
the metal-containing species resulting in the metal and a 
gaseous by-product that can be removed during the Subse 
quent purging/evacuating process. Alternatively, in forming 
a layer of a metal species, an ALD sequence may deal with 
reacting a precursor containing the metal species with a 
Substrate Surface. A cycle for Such a metal forming sequence 
may include pulsing a purging gas after pulsing the precur 
Sor containing the metal species to deposit the metal. Addi 
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tionally, deposition of a semiconductor material may be 
realized in a manner similar to forming a layer of a metal, 
given the appropriate precursors for the semiconductor 
material. 

0027. In an ALD formation of a material composition 
having more than two elements, a cycle may include a 
number of sequences to provide the elements of the com 
position. For example, a cycle for an ALD formation of an 
ABO composition may include sequentially pulsing a first 
precursor/a purging gas for the first precursor/a first reactant 
precursor/the first reactant precursors purging gas/a second 
precursor/a purging gas for the second precursor/a second 
reactant precursor/the second reactant precursors purging 
gas, which may be viewed as a cycle having two sequences. 
In an embodiment, a cycle may include a number of 
sequences for element A and a different number of sequences 
for element B. There may be cases in which ALD formation 
of an ABO, composition uses one precursor that contains the 
elements A and B. Such that pulsing the AB containing 
precursor followed by its reactant precursor onto a substrate 
may include a reaction that forms ABO, on the substrate to 
provide an AB/oxygen sequence. A cycle of an AB/oxygen 
sequence may include pulsing a precursor containing A and 
B. pulsing a purging gas for the precursor, pulsing an oxygen 
reactant precursor to the A/B precursor, and pulsing a 
purging gas for the reactant precursor. A cycle may be 
repeated a number of times to provide a desired thickness of 
the composition. In an embodiment, a cycle for an ALD 
formation of a composition of barium strontium titanium 
oxide may include a number of barium, strontium, and 
titanium sequences, which may be viewed as a cycle having 
multiple sequences. In an embodiment, a cycle for an ALD 
formation of a composition of erbium-doped barium stron 
tium titanium oxide may include interspersing erbium 
sequences among a number of barium, strontium, and tita 
nium sequences. In an embodiment, a layer Substantially of 
a barium strontium titanium oxide is formed on a substrate 
mounted in a reaction chamber using ALD in repetitive 
barium/strontium/titanium sequences using precursor gases 
individually pulsed into the reaction chamber. In an embodi 
ment, a layer Substantially of a barium strontium titanium 
oxide doped with erbium is formed on a substrate mounted 
in a reaction chamber using ALD in repetitive barium/ 
strontium/titanium sequences with a limited number of 
erbium sequences using precursor gases individually pulsed 
into the reaction chamber. Solid or liquid precursors can be 
used in an appropriately designed reaction chamber. 
0028. In an embodiment, a barium strontium titanium 
oxide layer may be structured as one or more monolayers. A 
film of barium strontium titanium oxide, structured as one or 
more monolayers, may have a thickness that ranges from a 
monolayer to thousands of angstroms or more. In an 
embodiment, an erbium-doped barium strontium titanium 
oxide layer may be structured as one or more monolayers. A 
film of erbium-doped barium strontium titanium oxide, 
structured as one or more monolayers, may have a thickness 
that ranges from a monolayer to thousands of angstroms or 
more. Both the film of barium strontium titanium oxide and 
the film of erbium-doped barium strontium titanium oxide 
may be processed using atomic layer deposition. Embodi 
ments of an atomic layer deposited barium strontium tita 
nium oxide layer, an atomic layer deposited erbium-doped 
barium strontium titanium oxide, or combinations thereof 
have a larger dielectric constant than silicon dioxide. Such 
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dielectric layers provide a significantly thinner equivalent 
oxide thickness compared with a silicon oxide layer having 
the same physical thickness. The equivalent oxide thickness, 
t quantifies the electrical properties, such as capacitance, 
of the gate dielectric in terms of a representative physical 
thickness. t is defined as the thickness of a theoretical SiO, 
layer that would be required to have the same capacitance 
density as a given dielectric, ignoring leakage current and 
reliability considerations. Alternatively, such dielectric lay 
ers provide a significantly thicker physical thickness than a 
silicon oxide layer having the same equivalent oxide thick 
ness. This increased physical thickness aids in reducing 
leakage current. 
0029. The term barium strontium titanium oxide is used 
herein with respect to a composition that essentially consists 
of barium, strontium, titanium, and oxygen. The term 
erbium-doped barium strontium titanium oxide is used 
herein with respect to a composition that essentially consists 
of erbium, barium, strontium, titanium, and oxygen in which 
the form of the composition has a limited amount of erbium 
relative to barium, strontium, and titanium. Barium stron 
tium titanium oxide may be constructed as a film or other 
form that may be stoichiometric, non-stoichiometric, or a 
combination thereof. Erbium-doped barium strontium tita 
nium oxide may be constructed as a film or other form that 
may be near Stoichiometric, non-stoichiometric, or a com 
bination thereof. Herein, a barium strontium titanium oxide 
composition may be expressed as BaSrTiO, BaSrTiO, BST, 
or other equivalent form. Herein, an erbium-doped barium 
strontium titanium oxide composition may be expressed as 
Er-doped BaSrTiO, Er-doped BaSrTiO, Er-doped BST, 
BST:Er, or other equivalent form. The term barium oxide is 
used herein with respect to a composition that essentially 
consists of barium and oxygen. The term strontium oxide is 
used herein with respect to a composition that essentially 
consists of strontium and oxygen. The term titanium oxide 
is used herein with respect to a composition that essentially 
consists of titanium and oxygen. The term erbium oxide is 
used herein with respect to a composition that essentially 
consists of erbium and oxygen. The expression BaO, layer 
may be used to include a barium oxide layer that is sub 
stantially stoichiometric, non-stoichiometric, or a combina 
tion thereof. Expressions SrO, TiO, and ErO may be used 
in the same manner as BaO. In various embodiments, a 
barium strontium titanium oxide film may be doped with 
elements or compounds other than barium, strontium, tita 
nium, and oxygen. In various embodiments, an erbium 
doped barium strontium titanium oxide film may be doped 
with elements or compounds other than erbium, barium, 
strontium, titanium, and oxygen. 
0030 Prior to forming a BaSrTiO, film or an Er-doped 
BaSrTiO film using ALD, the surface on which the BaSr 
TiO, film or Er-doped BaSrTiO, film is to be deposited may 
undergo a preparation stage. The Surface may be the Surface 
of a Substrate for an electronic device. Such as an integrated 
circuit, or an optoelectronic device: In an embodiment, the 
Substrate used for forming a transistor may include a silicon 
or silicon containing material. In other embodiments, ger 
manium, gallium arsenide, indium phosphide, silicon-on 
Sapphire Substrates, or other Suitable Substrates may be used. 
A preparation process may include cleaning the Substrate 
and forming layers and regions of the Substrate. Such as 
drains and Sources, prior to forming a gate dielectric in the 
formation of a metal oxide semiconductor (MOS) transistor. 
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Alternatively, active regions may be formed after forming 
the dielectric layer, depending on the over-all fabrication 
process implemented. In an embodiment, the Substrate is 
cleaned to provide an initial substrate depleted of its native 
oxide. In an embodiment, the initial Substrate is cleaned also 
to provide a hydrogen-terminated Surface. In an embodi 
ment, a silicon substrate undergoes a final hydrofluoric (HF) 
rinse prior to ALD processing to provide the silicon Sub 
strate with a hydrogen-terminated Surface without a native 
silicon oxide layer. 
0031 Cleaning immediately preceding atomic layer 
deposition aids in reducing an occurrence of a native oxide 
as an interface between a substrate and a BaSrTiO dielectric 
or an Er-doped BaSrTiO dielectric formed using the atomic 
layer deposition process. The material composition of an 
interface layer and its properties are typically dependent on 
process conditions and the condition of the substrate before 
forming the dielectric layer. Though the existence of an 
interface layer may effectively reduce the dielectric constant 
associated with the dielectric layer and its Substrate, an 
interface layer, such as a native oxide interface layer, a SiO, 
interface layer, or other composition interface layer, may 
improve the interface density, fixed charge density, and 
channel mobility of a device having this interface layer. 
0032. The sequencing of the formation of the regions of 
an electronic device. Such as a transistor, being processed 
may follow typical sequencing that is generally performed in 
the fabrication of such devices as is well known to those 
skilled in the art. Included in the processing prior to forming 
a dielectric may be the masking of Substrate regions to be 
protected during the dielectric formation, as is typically 
performed in semiconductor fabrication. In an embodiment, 
the unmasked region includes a body region of a transistor; 
however, one skilled in the art will recognize that other 
semiconductor device structures may utilize this process. 
0033. In various embodiments, between each pulsing of 
precursors used in an atomic layer deposition process, a 
purging gas may be pulsed into the ALD reaction chamber. 
Between each pulsing of precursors, the ALD reactor cham 
ber may be evacuated using vacuum techniques as is known 
by those skilled in the art. Between each pulsing of precur 
sors, a purging gas may be pulsed into the ALD reaction 
chamber and the ALD reactor chamber may be evacuated. 
0034. In an embodiment, layers of barium titanium oxide, 
BaTiO, are formed by atomic layer deposition among layers 
of strontium titanium oxide, SrTiO, that are formed by 
atomic layer deposition. The BaTiO, layers and the SrTiO, 
layers may be annealed to form a layer of BaSrTiO, The 
order of forming the BaTiO, layers and the SrTiO, layers 
may be selected dependent upon a desired application. In an 
embodiment, layers of ErO, formed by atomic layer depo 
sition may be interspersed among layers of BaTiO, that are 
formed by atomic layer deposition and layers of SrTiO that 
are formed by atomic layer deposition. The ErO layers, the 
BaTiO, layers, and the SrTiO oxide layers may be annealed 
to form a layer of Er-doped BaSrTiO,. The order of forming 
ErO, layers, the BaTiO, layers, and the SrTiO, layers may 
be selected dependent upon a desired application. 
0035. In an embodiment, to form barium titanium oxide 
by atomic layer deposition, a barium-containing precursor is 
pulsed onto a Substrate in an ALD reaction chamber. A 
number of precursors containing barium may be used to 
provide the barium to a substrate. In an embodiment, a 
precursor containing barium may include barium bis(pen 
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tamethlcyclopentadienyl, Ba(CMes) where Me=CH. 
Water vapor may be used as an oxygen reactant precursor in 
an ALD sequence with Ba(CMes). In an embodiment, the 
Substrate temperature may be maintained at a temperature of 
about 275° C. A titanium-containing precursor is used in a 
titanium sequence and may be pulsed to the Substrate after 
the barium sequence. A number of precursors containing 
titanium may be used to provide the titanium to the sub 
strate. In an embodiment, a titanium precursor pulsed may 
be titanium tetraisopropoxide, also written as Ti(O' Pr). 
where Pr=CHCHCH. In an embodiment, the substrate 
temperature may be maintained at a temperature ranging 
from less than 250° C. to about 325° C. Other titanium 
precursors that may be used in an ALD process include 
titanium halides. Such as TiCl, or Til, and Ti(NO). In an 
embodiment, during formation of a BaTiO, film, the sub 
strate may be maintained at a temperature of about 275°C. 
In an embodiment, during formation of a BaTiO, film, the 
Substrate may be maintained at a temperature ranging from 
about 250° C. to about 500° C. Use of the individual 
precursors is not limited to the temperature ranges of the 
above embodiments. Further, forming barium titanium oxide 
by atomic layer deposition is not limited to the abovemen 
tioned precursors. In various embodiments for ALD forma 
tion of BaTiO, the reactant precursor used in the different 
sequences may be an oxygen reactant precursor including, 
but not limited to, one or more of water vapor, atomic 
oxygen, molecular oxygen, oZone, hydrogen peroxide, a 
water-hydrogen peroxide mixture, alcohol, or nitrous oxide. 
In addition, the pulsing of the individual precursors in a 
sequence may use a pulsing period that provides uniform 
coverage of a monolayer on the Surface or may use a pulsing 
period that provides partial coverage of a monolayer on the 
Surface during a given sequence. 
10036) Embodiments for forming a BaTiO, film by atomic 
layer deposition may include numerous permutations of 
barium sequences and titanium sequences for forming the 
BaTiO film. In an embodiment, a titanium sequence is 
conducted before a barium sequence. In an embodiment, a 
barium sequence is conducted before a titanium sequence. In 
an embodiment, a barium/titanium cycle may include a 
number, n, of barium sequences, and a number, p, of 
titanium sequences. The number of sequences n and p may 
be selected to engineer the relative amounts of titanium to 
barium. The permittivity of the formed BaTiO, film may be 
engineered based on the ratio of barium sequences to 
titanium sequences. In an embodiment, associated pulsing 
periods and times for the ALD sequences may be selected 
along with the number of sequences n and p to form an 
engineered barium titanium oxide film. 
0037. The thickness of a barium titanium oxide layer 
formed by atomic layer deposition may be determined by a 
fixed growth rate for the pulsing periods and precursors 
used, set at a value Such as N nm/cycle, dependent upon the 
number of cycles of the barium/titanium sequences. Once an 
ALD cycle is determined, a growth rate per cycle may be 
determined. As can be understood by those skilled in the art, 
particular growth rates can be determined during normal 
initial testing of the ALD system for processing a barium 
titanium oxide dielectric film for a given application without 
undue experimentation. For a desired barium titanium oxide 
layer thickness, t, in an application, the ALD process is 
repeated for t?N total cycles. Once the t/N cycles have 
completed, no further ALD processing for the barium tita 
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nium oxide layer may be required. After repeating a number 
of ALD cycles, a determination may be made as to whether 
the number of barium/titanium cycles equals a predeter 
mined number to form the desired barium titanium oxide 
layer. If the total number of cycles to form the desired 
thickness has not been completed, a number of cycles of the 
barium and titanium sequences may be repeated. 
0038. In an embodiment, to form strontium titanium 
oxide by atomic layer deposition, a strontium-containing 
precursor is pulsed onto a substrate in an ALD reaction 
chamber. A number of precursors containing strontium may 
be used to provide the strontium to a substrate. In an 
embodiment, a precursor containing strontium may include 
strontium bis(triisopropylcyclopentadienyl Sr(Cs-i-Pr) 
where Pr—CH2CHCH. Water vapor may be used as an 
oxygen reactant precursor in an ALD sequence with Sr(Cs 
i-PrH). In an embodiment, the Substrate temperature may 
be maintained at a temperature of about 275°C. A titanium 
containing precursor is used in a titanium sequence and may 
be pulsed to the substrate after the barium sequence. A 
number of precursors containing titanium may be used to 
provide the titanium to the Substrate. In an embodiment, a 
titanium precursor pulsed may be titanium tetraisopro 
poxide, also written as Ti(O' Pr). In an embodiment, 
during formation of a SrTiO film, the substrate may be 
maintained at a temperature of about 325°C. In an embodi 
ment, the Substrate temperature may be maintained at a 
temperature ranging from less than 250° C. to about 325°C. 
Other titanium precursors that may be used in an ALD 
process include titanium halides, such as TiCl, or Tila, and 
Ti(NO). In an embodiment, during formation of a SrTiO, 
film, the Substrate may be maintained at a temperature of 
about 325° C. In an embodiment, during formation of a 
SrTiO film, the substrate may be maintained at a tempera 
ture ranging from about 250° C. to about 500° C. Use of the 
individual precursors is not limited to the temperature ranges 
of the above embodiments. Further, forming strontium tita 
nium oxide by atomic layer deposition is not limited to the 
abovementioned precursors. In various embodiments for 
ALD formation of SrTiO, the reactant precursor used in the 
different sequences may be an oxygen reactant precursor 
including, but not limited to, one or more of water vapor, 
atomic oxygen, molecular oxygen, oZone, hydrogen peroX 
ide, a water-hydrogen peroxide mixture, alcohol, or nitrous 
oxide. In addition, the pulsing of the individual precursors in 
a sequence may use a pulsing period that provides uniform 
coverage of a monolayer on the Surface or may use a pulsing 
period that provides partial coverage of a monolayer on the 
Surface during a given sequence. 
0039 Embodiments for forming a SrTiO film by atomic 
layer deposition may include numerous permutations of 
strontium sequences and titanium sequences for forming the 
SrTiO film. In an embodiment, a titanium sequence is 
conducted before a strontium sequence. In an embodiment, 
a strontium sequence is conducted before a titanium 
sequence. In an embodiment, a strontium/titanium cycle 
may include a number, m, of strontium sequences, and a 
number, q, of titanium sequences. The number of sequences 
m and q may be selected to engineer the relative amounts of 
titanium to strontium. The permittivity of the formed SrTiO, 
film may be engineered based on the ratio of strontium 
sequences to titanium sequences. In an embodiment, asso 
ciated pulsing periods and times for the ALD sequences may 
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be selected along with the number of sequences m and q to 
form an engineered strontium titanium oxide film. 
0040. The thickness of a strontium titanium oxide layer 
formed by atomic layer deposition may be determined by a 
fixed growth rate for the pulsing periods and precursors 
used, set at a value Such as Mnm/cycle, dependent upon the 
number of cycles of the strontium/titanium sequences. Once 
an ALD cycle is determined, a growth rate per cycle may be 
determined. As can be understood by those skilled in the art, 
particular growth rates can be determined during normal 
initial testing of the ALD system for processing a strontium 
titanium oxide dielectric film for a given application without 
undue experimentation. For a desired strontium titanium 
oxide layer thickness, d, in an application, the ALD process 
is repeated for d/M total cycles. Once the d/M cycles have 
completed, no further ALD processing for the strontium 
titanium oxide layer may be required. After repeating a 
number of ALD cycles, a determination may be made as to 
whether the number of strontium/titanium cycles equals a 
predetermined number to form the desired strontium tita 
nium oxide layer. If the total number of cycles to form the 
desired thickness has not been completed, a number of 
cycles of the strontium and titanium sequences may be 
repeated. 
0041 Layers of atomic layer deposited SrTiO and layers 
of atomic layer deposited BaTiO, may be annealed to form 
a layer of BaSrTiO. In an embodiment, alternating layers of 
ALD BaTiO, and ALDSrTiO, may be annealed to form a 
layer of BaSrTiO,. A layer of BaSrTiO, may be engineered 
to have a selected amount of barium, strontium, and titanium 
using a number of different criteria. Such criteria may 
include selecting the number SrTiO layers relative to the 
number of BaTiO, layers and selecting the thickness of the 
SrTiO, layers relative to the thickness of BaTiO, layers. 
Various permutations of the thickness of the SrTiO layers 
and various permutations of the thickness of the BaTiO, 
layers may be used to form the layer of BaSrTiO. Within 
each layer of SrTiO, the ratio of Sr to Ti may be regulated. 
Within each layer of BaTiO, the ratio of Ba to Ti may be 
regulated. Using these various criteria a layer of BaSrTiO, 
may be engineered with a desired dielectric constant. In an 
embodiment, a layer of BaSrTiO, may have a permittivity in 
range from 165 to 180. In various embodiments, a layer of 
BaSrTiO, formed using atomic layer deposition may be 
doped with appropriate elements. Doping may be realized 
by a number of different processes including ion implanta 
tion. In an embodiment, a layer of BaSrTiO, is doped with 
erbium. 

0042. Alternatively, in an embodiment, a BaSrTiO film 
may be grown to a desired thickness by repetition of a 
process including atomic layer deposition of layers of BaO. 
SrO, TiO, followed by annealing. In an embodiment, a base 
thickness may be formed according to various embodiments 
such that forming a predetermined thickness of a BaSrTiO 
film may be conducted by forming a number of layers 
having the base thickness. As can be understood by one 
skilled in the art, determining the base thickness depends on 
the application and can be determined during initial pro 
cessing without undue experimentation. Relative amounts of 
barium, strontium, and titanium in a BaSrTiO film may be 
controlled by regulating the relative thicknesses of the 
individual layers of BaO., SrO, TiO, formed. In addition, 
relative amounts of barium, strontium, and titanium in a 
BaSrTiO film may be controlled by forming a layer of 
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BaSrTiO as multiple layers of different base thickness and 
by regulating the relative thicknesses of the individual layers 
of BaO, SrO, TiO, formed in each base layer. In various 
embodiments, a layer of BaSrTiO formed using atomic layer 
deposition may be doped with appropriate elements. Doping 
may be realized by a number of different processes including 
ion implantation. In an embodiment, a BaSrTiO layer is 
doped with erbium. 
0043. In an alternative embodiment, an ALD cycle for 
forming BaSrTiO may include sequencing metal-containing 
precursors in the order of barium, strontium, and titanium in 
which partial coverage of a monolayer on a Substrate surface 
is attained for pulsing of a metal-containing precursor. 
Embodiments for forming barium strontium titanium oxide 
film by atomic layer deposition may include numerous 
permutations of barium sequences, strontium sequences, and 
titanium sequences for forming a barium strontium titanium 
oxide film. In an embodiment, a barium/strontium/titanium 
cycle may include a number, nx, of barium sequences, a 
number, ny, of strontium sequences, and a number, nz, of 
titanium sequences, in which reactant precursors associated 
with each metal are applied with the associated sequence. 
The number of sequences nx, ny, and nz may be selected to 
engineer the relative amounts of barium, strontium, and 
titanium. In an embodiment, the number of sequences nx, 
ny, and nz are selected to form a barium-rich barium 
strontium titanium oxide. Alternatively, the number of 
sequences nX. ny, and nz are selected to form a strontium 
rich barium strontium titanium oxide. Additionally, the 
number of sequences nx, ny, and nz are selected to form a 
titanium-rich barium strontium titanium oxide. 

0044. After repeating a selected number of ALD cycles, 
a determination may be made as to whether the number of 
barium/strontium/titanium cycles equals a predetermined 
number to form the desired barium strontium titanium oxide 
layer. If the total number of cycles to form the desired 
thickness has not been completed, a number of cycles for the 
barium, strontium, and titanium sequences is repeated. The 
thickness of a barium strontium titanium oxide layer formed 
by atomic layer deposition may be determined by a fixed 
growth rate for the pulsing periods and precursors used, 
dependent upon the number of cycles of the barium/stron 
tium/titanium sequences. Depending on the precursors used 
for ALD formation of a BaSrTiO film, the process may be 
conducted in an ALD window, which is a range of tempera 
tures in which the growth rate is substantially constant. If 
such an ALD window is not available, the ALD process may 
be conducted at the same set of temperatures for each ALD 
sequence in the process. A barium strontium titanium oxide 
layer processed at relatively low temperatures associated 
with atomic layer deposition may provide an amorphous 
layer. 
0045. In an embodiment, a layer of BaSrTiO, doped with 
erbium may be constructed by forming layers of erbium 
oxide by atomic layer deposition interspersed among layers 
of barium titanium oxide that are formed by atomic layer 
deposition and layers of strontium titanium oxide that are 
formed by atomic layer deposition. In an embodiment, to 
form erbium oxide by atomic layer deposition, an erbium 
containing precursor is pulsed onto a Substrate in an ALD 
reaction chamber. A number of precursors containingerbium 
may be used to provide the erbium to a substrate. In an 
embodiment, a precursor containing erbium may include 
Er(thd). OZone may be used as an oxygen reactant precur 
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sor in an ALD sequence with Er(thd). In an embodiment, 
during formation of an ErC), film, the substrate may be 
maintained at a temperature ranging from about 250° C. to 
about 450° C. Below 325° C. an erbium oxide film may be 
amorphous. Polycrystalline erbium oxide films may be 
grown at higher temperatures with orientation changing 
from (400) to (222) at deposition temperatures above 325° 
C. Use of the individual precursors is not limited to the 
temperature ranges of the above embodiments. In various 
embodiments for ALD formation of ErO, using different 
erbium-containing precursors, the reactant precursor used in 
the different sequences may be an oxygen reactant precursor 
including, but not limited to, one or more of water vapor, 
atomic oxygen, molecular oxygen, oZone, hydrogen peroX 
ide, a water-hydrogen peroxide mixture, alcohol, or nitrous 
oxide. In various embodiments, forming erbium oxide by 
atomic layer deposition is not limited to the abovementioned 
precursor and use of individual erbium-containing precur 
sors is not limited to the temperature ranges of the above 
example embodiment. In addition, the pulsing of the indi 
vidual precursors in a sequence may use a pulsing period 
that provides uniform coverage of a monolayer on the 
Surface or may use a pulsing period that provides partial 
coverage of a monolayer on the Surface during an erbium 
Sequence. 

0046. In an embodiment, a number of ErO layers, a 
number of BaTiO, layers, and a number of SrTiO, layers 
may be formed by atomic layer deposition, where the 
number of ErO, layers is selected to be significantly less 
than the number of BaTiO, layers and the number of SrTiO, 
layers. The ErO, layers, BaTiO, layers, and SrTiO, layers 
may be annealed to form Er-doped BaSrTiO. In an embodi 
ment, a laminate structure of alternating layers of ALD 
SrTiO, and ALD BaTiO, interspersed with ALD Er, O, 
layers are annealed to produce an Er-doped Bao, Sro TiO, 
film. In an embodiment, the number of ErO, layers is 
selected such that the percentage of ErO in the total number 
of ErO, layers, BaTiO, layers, and SrTiO, layers is less than 
or equal to 10%. In an embodiment, the number of ErO, 
layers is selected Such that the atomic concentration of 
erbium in the formed Er-doped BaSrTiO, is less than or 
equal to 10%. In an embodiment, the number of ErO layers 
may be interspersed among the number of ErO layers in a 
predetermined arrangement prior to annealing. In an 
embodiment, the number of ErO layers may be interspersed 
among the number of BaTiO, layers and SrTiO, layers in a 
random order prior to annealing. In various embodiments, 
the order of forming BaTiO, SrTiO, and ErO, layers may 
be permutated. The annealing may be conducted in a nitro 
gen ambient. In an embodiment, annealing may be con 
ducted in a nitrogen ambient having a small amount of 
oxygen. However, annealing is not limited to these ambient 
conditions. The annealing may be performed at about 600° 
C. or higher. The annealing may be conducted for about 60 
minutes or less. In an embodiment, annealing is conducted 
for less than one minute. The annealing may be performed 
at other temperatures and with other annealing times. The 
annealing temperatures and annealing time periods may be 
selected based on the desired structure for the Er-doped 
BaSrTiO layer. 
10047. In an embodiment, layers of BaTiO, layers of 
SrTiO, and layers of ErO are each grown by atomic layer 
deposition to a thickness Such that annealing these layers at 
appropriate temperatures essentially converts these layers to 
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a layer of Er-doped BaSrTiO. In an embodiment, an Er 
doped BaSrTiO, film may be grown to a desired thickness by 
repetition of a process including atomic layer deposition of 
BaTiO, layers of SrTiO, and layers of ErO, followed by 
annealing. In an embodiment, a base thickness may be 
formed according to various embodiments such that forming 
a predetermined thickness of an Er-doped BaSrTiO, film 
may be conducted by forming a number of layers having the 
base thickness. As can be understood by one skilled in the 
art, determining the base thickness depends on the applica 
tion and can be determined during initial processing without 
undue experimentation. Relative amounts of erbium, 
barium, strontium, titanium, and oxygen in an Er-doped 
BaSrTiO film may be controlled by regulating the relative 
thicknesses of the individual layers of oxides formed. In 
addition, relative amounts of erbium, barium, strontium, 
titanium, and oxygen in a Er-doped BaSrTiO, film may be 
controlled by forming a layer of Er-doped BaSrTiO, as 
multiple layers of different base thickness and by regulating 
the relative thicknesses of the individual layers of oxides 
formed in each base layer prior to annealing. As can be 
understood by those skilled in the art, particular effective 
growth rates for the engineered Er-doped BaSrTiO, film can 
be determined during normal initial testing of the ALD 
system used for a given application without undue experi 
mentation. 

0048. In an alternative embodiment, an ALD cycle for 
forming Er-doped BaSrTiO may include repetitive sequenc 
ing of metal-containing precursors of barium, Strontium, and 
titanium, in which an erbium sequence is Substituted for one 
or more of the main sequences or one or more erbium 
sequences is added to the main sequences of a ALD cycle in 
which partial coverage of a monolayer on a Substrate surface 
is attained for pulsing of a metal-containing precursor. 
Embodiments for forming erbium-doped barium strontium 
titanium oxide film by atomic layer deposition may include 
numerous permutations of erbium sequences interspersed 
among the main barium sequences, strontium sequences, 
and titanium sequences in an ALD cycle. In an embodiment, 
a barium/strontium/titanium/erbium cycle may include a 
number, mX, of barium sequences, a number, my, of stron 
tium sequences, a number, mz, of titanium sequences, and a 
number, mr. of erbium sequences, in which reactant precur 
sors associated with each metal are applied with the asso 
ciated sequence. The number of sequences mX, my, mz, and 
mr may be selected to engineer the relative amounts of 
barium, strontium, titanium, and erbium. In an embodiment, 
the number of sequences mX, my, mz, and mr are selected to 
form a barium-richerbium-doped barium strontium titanium 
oxide. Alternatively, the number of sequences mX, my, mz 
and mr are selected to form a strontium-rich erbium-doped 
barium strontium titanium oxide. Additionally, the number 
of sequences mX, my, mz, and mr are selected to form a 
titanium-rich erbium-doped barium strontium titanium 
oxide. The number of sequences mX, my, mz, and mr may be 
chosen to limit the amount of erbium doped in a BaSrTiO, 
film. 

0049. After repeating a selected number of ALD cycles, 
a determination may be made as to whether the number of 
barium/strontium/titanium/erbium cycles equals a predeter 
mined number to form the desired erbium-doped barium 
strontium titanium oxide layer. If the total number of cycles 
to form the desired thickness has not been completed, a 
number of cycles for the barium, strontium, titanium, and 
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erbium sequences is repeated. The thickness of an erbium 
doped barium strontium titanium oxide layer formed by 
atomic layer deposition may be determined by a fixed 
growth rate for the pulsing periods and precursors used, set 
at a value Such as Pnm/cycle, dependent upon the number 
of cycles of the barium/strontium/titanium/erbium 
sequences. Depending on the precursors used for ALD 
formation of a BaSrTiO film, the process may be conducted 
in an ALD window. If such an ALD window is not available, 
the ALD process may be conducted at the same set of 
temperatures for each ALD sequence in the process. For a 
desired erbium-doped barium strontium titanium oxide layer 
thickness, 1, in an application, the ALD process is repeated 
for 1/P total cycles. Once the 1/P cycles have completed, no 
further ALD processing for the erbium-doped barium stron 
tium titanium oxide layer is required. An erbium-doped 
barium strontium titanium oxide layer processed at rela 
tively low temperatures associated with atomic layer depo 
sition may provide an amorphous layer. 
0050. In various embodiments, nitrogen may be used as 
a purging gas and a carrier gas for one or more of the 
sequences for forming BaO., SrO, TiO, BaTiO, SrTiO, 
ErO, and BaSrTiO. Alternatively, hydrogen, argon gas, or 
other inert gases may be used as the purging gas. Excess 
precursor gas and reaction by-products may be removed by 
the purge gas. Excess precursor gas and reaction by-products 
may be removed by evacuation of the reaction chamber 
using various vacuum techniques. Excess precursor gas and 
reaction by-products may be removed by the purge gas and 
by evacuation of the reaction chamber. 
0051. Atomic layer deposition of the individual compo 
nents or layers allows for individual control of each precur 
Sor pulsed into the reaction chamber. Thus, each precursor is 
pulsed into the reaction chamber for a predetermined period, 
where the predetermined period can be set separately for 
each precursor. Additionally, for various ALD formations, 
each precursor may be pulsed into the reaction chamber 
under separate environmental conditions. The Substrate may 
be maintained at a selected temperature and the reaction 
chamber maintained at a selected pressure independently for 
pulsing each precursor. Appropriate temperatures and pres 
Sures may be maintained, whether the precursor is a single 
precursor or a mixture of precursors. 
0052 Either before or after forming a BaSrTiO film in 
accordance with any embodiment, other dielectric layers 
Such as nitride layers, dielectric metal silicates, insulating 
metal oxides, or combinations thereof may be formed as part 
of a dielectric layer or dielectric stack. These one or more 
other layers of dielectric material may be provided in 
Stoichiometric form, in non-stoichiometric form, or a com 
bination thereof. Depending on the application, a dielectric 
stack containing a BaSrTiO, film may include a silicon oxide 
layer. In an embodiment, the dielectric layer may be formed 
as a nanolaminate. Alternatively, a dielectric layer may be 
formed Substantially as a barium strontium titanium oxide 
film or as an erbium-doped barium strontium titanium oxide 
film. 

0053. In various embodiments, the structure of an inter 
face between a dielectric layer and a substrate on which it is 
disposed is controlled to limit the inclusion of a native oxide. 
A native oxide, such as a silicon oxide layer on silicon, 
would reduce the effective dielectric constant of the dielec 
tric layer. The material composition and properties for an 
interface layer may be dependent on process conditions and 
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the condition of the substrate before forming the dielectric 
layer. Though the existence of an interface layer may 
effectively reduce the dielectric constant associated with the 
dielectric layer and its Substrate, the interface layer. Such as 
a silicon oxide interface layer or other material interface 
layer, may improve the interface density, fixed charge den 
sity, and channel mobility of a device having this interface 
layer. 
0054 FIG. 1 shows an embodiment of a transistor 100 
having a dielectric layer 140 containing a BaSrTiO, film. 
The BaSrTiO, film may be doped with erbium. Transistor 
100 may include a source region 120 and a drain region 130 
in a silicon-based substrate 110, where source and drain 
regions 120, 130 are separated by a body region 132. Body 
region 132 defines a channel having a channel length 134. A 
gate dielectric 140 may be disposed on substrate 110 with 
gate dielectric 140 formed as a dielectric layer containing 
BaSrTiO. Gate dielectric 140 may be realized as a dielectric 
layer formed substantially of BaSrTiO, Gate dielectric 140 
may be constructed as multiple dielectric layers, that is, as 
a dielectric stack, containing at least one BaSrTiO, film and 
one or more layers of insulating material other than a barium 
strontium titanium oxide film. The BaSrTiO, film may be 
structured as one or more monolayers. An embodiment of a 
BaSrTiO, film or an Er-doped BaSrTiO, film may beformed 
using atomic layer deposition. A gate 150 may be formed 
over and contact gate dielectric 140. 
0055 An interfacial layer 133 may form between body 
region 132 and gate dielectric 140. In an embodiment, 
interfacial layer 133 may be limited to a relatively small 
thickness compared to gate dielectric 140, or to a thickness 
significantly less than gate dielectric 140 as to be effectively 
eliminated. Forming the Substrate and the source and drain 
regions may be performed using standard processes known 
to those skilled in the art. Additionally, the sequencing of the 
various elements of the process for forming a transistor may 
be conducted with fabrication processes known to those 
skilled in the art. In an embodiment, gate dielectric 140 may 
be realized as a gate insulator in a silicon complimentary 
metal oxide semiconductor (CMOS) transistor. Use of a gate 
dielectric containing a barium strontium titanium oxide film, 
an erbium-doped barium strontium titanium oxide film, or a 
combination thereof is not limited to silicon based sub 
strates, but may be used with a variety of semiconductor 
Substrates. 

0056 FIG. 2 shows an embodiment of a floating gate 
transistor 200 having a dielectric layer containing BaSrTiO, 
film. The BaSrTiO, film may be doped with erbium. The 
BaSrTiO film may be structured as one or more monolayers. 
The BaSrTiO, film or Er-doped BaSrTiO, film may be 
formed using atomic layer deposition techniques. Transistor 
200 may include a silicon-based substrate 210 with a source 
220 and a drain 230 separated by a body region 232. Body 
region 232 between source 220 and drain 230 defines a 
channel region having a channel length 234. Located above 
body region 232 is a stack 255 including a gate dielectric 
240, a floating gate 252, a floating gate dielectric 242, and 
a control gate 250. An interfacial layer 233 may form 
between body region 232 and gate dielectric 240. In an 
embodiment, interfacial layer 233 may be limited to a 
relatively small thickness compared to gate dielectric 240, or 
to a thickness significantly less than gate dielectric 240 as to 
be effectively eliminated. 
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0057. In an embodiment, gate dielectric 240 includes a 
dielectric containing an atomic layer deposited BaSrTiO, 
film. Gate dielectric 240 may be realized as a dielectric layer 
formed substantially of BaSrTiO, Gate dielectric 240 may 
be a dielectric stack containing at least one BaSrTiO, film or 
Er-doped BaSrTiO, film and one or more layers of other 
insulating materials. In an embodiment, floating gate 252 
may be formed over and contact gate dielectric 240. 
0058. In an embodiment, floating gate dielectric 242 
includes a dielectric containing a BaSrTiO, film. The BaS 
rTiO, film may be doped with erbium. The BaSrTiO, film 
may be structured as one or more monolayers. In an embodi 
ment, the BaSrTiO, film or the Er-doped BaSrTiO, film may 
be formed using atomic layer deposition techniques. Float 
ing gate dielectric 242 may be realized as a dielectric layer 
formed substantially of BaSrTiO. Floating gate dielectric 
242 may be a dielectric stack containing at least one BaS 
rTiO, film and one or more layers of other insulating 
materials. In an embodiment, control gate 250 may be 
formed over and contact floating gate dielectric 242. 
0059 Alternatively, both gate dielectric 240 and floating 
gate dielectric 242 may be formed as dielectric layers 
containing a BaSrTiO, film structured as one or more 
monolayers. The BaSrTiO, film may be doped with erbium. 
Gate dielectric 240 and floating gate dielectric 242 may be 
realized by embodiments similar to those described herein, 
with the remaining elements of the transistor 200 formed 
using processes known to those skilled in the art. In an 
embodiment, gate dielectric 240 forms a tunnel gate insu 
lator and floating gate dielectric 242 forms an inter-gate 
insulator in flash memory devices, where gate dielectric 240 
and floating gate dielectric 242 may include aerbium-doped 
barium strontium titanium oxide film, an erbium-doped 
barium strontium titanium oxide film, or combination 
thereof structured as one or more monolayers. Such struc 
tures are not limited to silicon based substrates, but may be 
used with a variety of semiconductor Substrates. 
0060 Embodiments of a barium strontium titanium oxide 
film, an erbium-doped barium strontium titanium oxide film, 
or combinations thereof structured as one or more mono 
layers may also be applied to capacitors in various integrated 
circuits, memory devices, and electronic systems. In an 
embodiment for a capacitor 300 illustrated in FIG. 3, a 
method includes forming a first conductive layer 310, form 
ing a dielectric layer 320 containing a barium strontium 
titanium oxide film structured as one or more monolayers on 
first conductive layer 310, and forming a second conductive 
layer 330 on dielectric layer 320. The BaSrTiO, film may be 
doped with erbium. Dielectric layer 320 may be a dielectric 
stack containing at least one BaSrTiO, film or Er-doped 
BaSrTiO film and one or more layers of other insulating 
materials. An interfacial layer 315 may form between first 
conductive layer 310 and dielectric layer 320. In an embodi 
ment, interfacial layer 315 may be limited to a relatively 
small thickness compared to dielectric layer 320, or to a 
thickness significantly less than dielectric layer 320 as to be 
effectively eliminated. 
0061 Embodiments for a barium strontium titanium 
oxide film, an erbium-doped barium strontium titanium 
oxide film, or a combination thereof structured as one or 
more monolayers may include, but are not limited to, a 
capacitor in a DRAM and capacitors in analog, radio fre 
quency (RF), and mixed signal integrated circuits. Mixed 
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signal integrated circuits are integrated circuits that may 
operate with digital and analog signals. 
0062 FIG. 4 depicts an embodiment of a dielectric struc 
ture 400 having multiple dielectric layers 405-1, 405-2, ... 
405-N, in which at least one layer is a barium strontium 
titanium oxide layer. The BaSrTiO, film may be doped with 
erbium. Layers 410 and 420 may provide means to contact 
dielectric layers 405-1, 405-2, . . . 405-N. Layers 410 and 
420 may be electrodes forming a capacitor. Layer 410 may 
be a body region of a transistor with layer 420 being a gate. 
Layer 410 may be a floating gate electrode with layer 420 
being a control gate. 
0063. In an embodiment, dielectric structure 400 includes 
one or more layers 405-1, 405-2 . . . 405-N as dielectric 
layers other than a BaSrTiO layer, where at least one layer 
is a BaSrTiO layer. The BaSrTiO, film may be doped with 
erbium. Dielectric layers 405-1, 405-2 . . . 405-N may 
include an insulating metal oxide layer. Dielectric layers 
405-1, 405-2, . . . 405-N may include an insulating nitride 
layer. Dielectric layers 405-1, 405-2, ... 405-N may include 
an insulating oxynitride layer. Dielectric layers 405-1, 405 
2. . . . 405-N may include a silicon nitride layer. Dielectric 
layers 405-1, 405-2. . . . 405-N may include an insulating 
silicate layer. Dielectric layers 405-1, 405-2, ... 405-N may 
include a silicon oxide layer. 
0064 Various embodiments for a dielectric layer contain 
ing a barium strontium titanium oxide film, an erbium-doped 
barium strontium titanium oxide film, or a combination 
thereof structured as one or more monolayers may provide 
for enhanced device performance by providing devices with 
reduced leakage current. Such improvements in leakage 
current characteristics may be attained by forming one or 
more layers of a barium strontium titanium oxide in a 
nanolaminate structure with other metal oxides, non-metal 
containing dielectrics, or combinations thereof. One or more 
layers of BaSrTiO, may be doped with erbium. The transi 
tion from one layer of the nanolaminate to another layer of 
the nanolaminate provides disruption to a tendency for an 
ordered structure in the nanolaminate Stack. The term "nano 
laminate’ means a composite film of ultra thin layers of two 
or more materials in a layered Stack. Typically, each layer in 
a nanolaminate has a thickness of an order of magnitude in 
the nanometer range. Further, each individual material layer 
of the nanolaminate may have a thickness as low as a 
monolayer of the material or as high as 20 nanometers. 
0065. In an embodiment, dielectric structure 400 may be 
structured as a nanolaminate structure 400 including a 
BaSrTiO film structured as one or more monolayers. The 
BaSrTiO film may be doped with erbium. Nanolaminate 
structure 400 includes a plurality of layers 405-1, 405-2 to 
405-N, where at least one layer contains a BaSrTiO, film 
structured as one or more monolayers. The other layers may 
be insulating nitrides, insulating oxynitrides, and other 
dielectric materials such as insulating metal oxides. The 
sequencing of the layers depends on the application. The 
effective dielectric constant associated with nanolaminate 
structure 400 is that attributable to N capacitors in series, 
where each capacitor has a thickness defined by the thick 
ness and composition of the corresponding layer. By select 
ing each thickness and the composition of each layer, a 
nanolaminate structure can be engineered to have a prede 
termined dielectric constant. Embodiments for structures 
Such as nanolaminate structure 400 may be used as nano 
laminate dielectrics in non-volatile read only memory 
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(NROM) flash memory devices as well as other integrated 
circuits. In an embodiment, a layer of the nanolaminate 
structure 400 is used to store charge in a NROM device. The 
charge storage layer of a nanolaminate structure 400 in a 
NROM device may be a silicon oxide layer. 
0.066 Rare-earth doped materials have various applica 
tions in optoelectronic devices and displays based on the 
luminescent properties of these materials. Application of 
erbium-doped oxides may be directed to use of its charac 
teristic emission at 1.54 um. The 1.54 um wavelength also 
corresponds to a minimum loss in silica based fiber. Addi 
tionally, devices may take advantage of Er" transitions in 
the blue, green, and red spectral regions. The energy of 
transitions for erbium doped materials is relatively indepen 
dent of its host matrix and ambient temperature, though the 
host matrix affects the relative intensity of photolumines 
cence, chemical stability, and sensitivity to the operational 
environment. With respect to typical sulfide luminescent 
phosphors, oxide film phosphors provide atmospheric sta 
bility, anticorrosive properties, and reduced degradation 
under applied Voltages. In various embodiments, ALD Er 
doped BaSrTiO, may be used in place of luminescent 
phosphors in optoelectronic devices. Er" ions may be 
incorporated into barium strontium titanate to form an 
extended solution using atomic layer deposition. ALD Er 
doped Bao,Sr TiO films may be used in electrolumines 
cent devices, such as displays and flat panel displays, and in 
place of luminescent phosphors in optoelectronic devices. 
0067 FIG. 5 illustrates a representation of an embodi 
ment of a flat panel display 500 having an erbium-doped 
barium strontium titanium oxide film 520. Flat panel display 
500 may include BST:Er film 520 separated by a dielectric 
layer 530 from a transparent conductive oxide (TCO) layer 
510 and separated by a dielectric layer 540 from a conduc 
tive layer 550. Conductive layer 550 may be a metal layer. 
TCO layer 510 and conductive layer 550 are configured to 
contact an appropriate Voltage source, which enables a 
voltage, Vee, to be applied between TCO layer 510 
and conductive layer 550. Various types or configurations of 
Voltage Sources may be used to provide V. Other 
configurations for a flat panel display or other displays 
having an erbium-doped barium strontium titanium oxide 
film may be used. 
0068 FIG. 6 depicts a representation of an embodiment 
of an optoelectronic apparatus 600 having an electrooptic 
region 620 that includes an ALD BST film, an ALD BST:Er 
film, or a combination thereof. In an embodiment, optoelec 
tronic apparatus 600 includes a substrate 605, a bottom 
cladding layer 610, a top cladding layer 630, and layer 620 
of electrooptic material between bottom cladding layer 610 
and a top cladding layer 630. Layer 620 of electrooptic 
material is an optical layer, which is used for propagation of 
light and/or modification of the propagation of light. Sub 
strate 605 may be a silicon Substrate, a silicon-germanium 
Substrate, a glass Substrate, a GaAs Substrate, an InP Sub 
strate, or a substrate of other III-V compositions. Substrate 
605 is not limited to these materials. Substrate 605 may be 
configured to be combined with cladding 610. Cladding 
material may include silicon oxide or other appropriate 
dielectric material. Electrodes may be provided to modulate 
optoelectronic apparatus 600 to utilize the optical-related 
properties of electrooptic material 620. The electrodes may 
be connected to TCO layers disposed on the top and bottom 
of electrooptic material 620. The electrodes may be con 
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nected in other configurations that do not interfere with the 
optical operation of optoelectronic apparatus 600. The mate 
rials selected for substrate 605, cladding layer 610, cladding 
layer 630, and electrooptic material layer 620 may be chosen 
based on the characteristics of the application, Such as the 
wavelengths of interest. Optoelectronic apparatus 600 may 
be structured as an integrated optic device. Optoelectronic 
apparatus 600 may be configured in a variety of devices and 
systems. 
0069 Transistors, capacitors, displays, waveguide struc 

tures, and other electronic and optoelectronic devices may 
include dielectric films containing a layer of a barium 
strontium titanium oxide film, an erbium-doped barium 
strontium titanium oxide film, or a combination thereof 
structured as one or more monolayers. The erbium-doped 
barium strontium titanium oxide layer may be formed by 
atomic layer deposition. Dielectric films containing a barium 
strontium titanium oxide layer, an erbium-doped barium 
strontium titanium oxide layer, or a combination thereof 
may be implemented into memory devices and electronic 
systems including information handling devices. Barium 
strontium titanium oxide layers may be structured to provide 
high permittivity and low leakage currents in electronic 
devices. Further, embodiments of electronic devices and 
optoelectronic apparatus may be realized as integrated cir 
cuits. Embodiments of information handling devices may 
include wireless systems, telecommunication systems, and 
computers. 
0070 FIG. 7 illustrates a block diagram for an electronic 
system 700 having one or more devices having a dielectric 
structure including a barium strontium titanium oxide film, 
an erbium-doped barium strontium titanium oxide film, or a 
combination thereof structured as one or more monolayers. 
The thickness of such a BaSrTiO, layer may range from a 
monolayer to thousands of angstroms or more, and may be 
processed using atomic layer deposition. Electronic system 
700 includes a controller 705, a bus 715, and an electronic 
device 725, where bus 715 provides electrical conductivity 
between controller 705 and electronic device 725. Electronic 
device 725 may be an optoelectronic device. In various 
embodiments, controller 705 may include an embodiment of 
a BaSrTiO, film. The BaSrTiO, film may be doped with 
erbium. In various embodiments, electronic device 725 may 
include an embodiment of a BaSrTiO, film. The BaSrTiO, 
film may be doped with erbium. In various embodiments, 
controller 705 and electronic device 725 may include 
embodiments of a BaSrTiO, film. The BaSrTiO, film may be 
doped with erbium. Electronic system 700 may include, but 
is not limited to, fiber optic systems, electro-optic systems, 
and information handling systems such as wireless systems, 
telecommunication systems, and computers. 
0071 FIG. 8 depicts a diagram of an embodiment of a 
system 800 having one or more devices containing a barium 
strontium titanium oxide film, an erbium-doped barium 
strontium titanium oxide film, or a combination thereof 
structured as one or more monolayers. System 800 also 
includes a controller 805, a memory 825, an electronic 
apparatus 835, and a bus 815, where bus 815 provides 
electrical conductivity between controller 805 and electronic 
apparatus 835 and between controller 805 and memory 825. 
Bus 815 may include an address bus, a data bus, and a 
control bus, each independently configured. Alternatively, 
bus 815 may use common conductive lines for providing 
one or more of address, data, or control, the use of which is 
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regulated by controller 805. In an embodiment, apparatus 
835 may be additional memory configured in a manner 
similar to memory 825. In an embodiment, system 800 may 
include an additional peripheral device or devices 845 
coupled to bus 815. Peripheral devices 845 may include 
displays, additional storage memory, or other control 
devices that may operate in conjunction with controller 805. 
Alternatively, peripheral devices 845 may include displays, 
additional storage memory, or other control devices that may 
operate in conjunction with memory 825, or controller 805 
and memory 825. In an embodiment, controller 805 is a 
processor. One or more of controller 805, memory 825, bus 
815, apparatus 835, or peripheral devices 845 may include 
an embodiment of a dielectric layer having a barium stron 
tium titanium oxide film, an erbium-doped barium strontium 
titanium oxide film, or a combination thereof structured as 
one or more monolayers. The thickness of such a BaSrTiO, 
structure may range from a monolayer to thousands of 
angstroms or more, and may be processed using atomic layer 
deposition. 
0072 Memory 825 may be realized as a memory device 
containing a barium strontium titanium oxide film, an 
erbium-doped barium strontium titanium oxide film, or a 
combination thereof structured as one or more monolayers. 
The BaSrTiO, structure may be formed in a memory cell of 
a memory array. The BaSrTiO, structure may be formed in 
a capacitor in a memory cell of a memory array. The 
BaSrTiO structure may be formed in a transistor in a 
memory cell of a memory array. It will be understood that 
embodiments are equally applicable to any size and type of 
memory circuit and are not intended to be limited to a 
particular type of memory device. Memory types include a 
DRAM, SRAM (Static Random Access Memory) or Flash 
memories. Additionally, the DRAM could be a synchronous 
DRAM commonly referred to as SGRAM (Synchronous 
Graphics Random Access Memory), SDRAM (Synchronous 
Dynamic Random Access Memory), SDRAM II, and DDR 
SDRAM (Double Data Rate SDRAM), as well as other 
emerging DRAM technologies. System 800 may include, 
but is not limited to, fiber optic systems, electro-optic 
systems, and information handling systems including wire 
less devices, wireless systems, and computers. 
0073. Although specific embodiments have been illus 
trated and described herein, it will be appreciated by those 
of ordinary skill in the art that any arrangement that is 
calculated to achieve the same purpose may be substituted 
for the specific embodiments shown. It is to be understood 
that the above description is intended to be illustrative, and 
not restrictive, and that the phraseology or terminology 
employed herein is for the purpose of description and not of 
limitation. Combinations of the above embodiments and 
other embodiments will be apparent to those of skill in the 
art upon studying the above description. 
What is claimed is: 
1. A method comprising: 
forming a layer of strontium titanium oxide by atomic 

layer deposition; 
forming a layer of barium titanium oxide by atomic layer 

deposition; and 
annealing the layers of strontium titanium oxide and 

barium titanium oxide to form a layer of barium 
strontium titanium oxide. 

2. The method of claim 1, wherein the method includes 
doping the barium strontium titanium oxide with erbium. 
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3. The method of claim 1, wherein the method includes 
forming alternating layers of SrTiO, and BaTiO, before 
annealing. 

4. The method of claim 1, wherein the method includes 
forming an amorphous barium strontium titanium oxide 
layer. 

5. The method of claim 1, wherein the method includes 
forming a Bao Sro TiO layer. 

6. The method of claim 1, wherein forming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as a capacitor dielectric 
in a capacitor in an integrated circuit. 

7. The method of claim 1, wherein forming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as a dielectric layer in a 
memory. 

8. The method of claim 1, wherein forming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as a gate insulator in a 
transistor. 

9. The method of claim 1, wherein forming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as a gate insulator in a 
silicon-based complementary metal oxide semiconductor 
transistor. 

10. The method of claim 1, whereinforming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as a tunnel gate insulator 
in a flash memory device. 

11. The method of claim 1, wherein forming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as an inter-gate insulator 
in a flash memory device. 

12. The method of claim 1, whereinforming the layer of 
barium strontium titanium oxide includes forming the layer 
of barium strontium titanium oxide as a dielectric region in 
a nanolaminate of a NROM flash memory. 

13. The method of claim 1, wherein the method includes 
doping the layer of barium strontium titanium oxide with 
erbium during formation of the layer of barium strontium 
titanium oxide to form an emissive element in electrolumi 
nescent device. 

14. The method of claim 1, wherein the method includes 
doping the layer of barium strontium titanium oxide with 
erbium during formation of the layer of barium strontium 
titanium oxide as a film in an optoelectronic device. 

15. A method comprising: 
forming a layer of strontium titanium oxide by atomic 

layer deposition; 
forming a layer of barium titanium oxide by atomic layer 

deposition; 
forming a layer of erbium oxide by atomic layer deposi 

tion, the layer of erbium oxide between the layers of 
strontium titanium oxide and barium titanium oxide; 
and 

annealing the layers of strontium titanium oxide, barium 
titanium oxide, and erbium oxide to form a layer of 
erbium-doped barium strontium titanium oxide. 

16. The method of claim 15, wherein the method includes 
forming an amorphous Er-doped barium strontium titanium 
oxide layer. 
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17. The method of claim 15, wherein the method includes 
forming the erbium-doped barium strontium titanium oxide 
with a composition that deviates from Bao SroTiO due to 
the erbium doping. 

18. The method of claim 15, whereinforming the layer of 
erbium-doped barium strontium titanium oxide includes the 
layer of erbium-doped barium strontium titanium oxide as a 
gate insulator in a transistor. 

19. The method of claim 15, whereinforming the layer of 
erbium-doped barium strontium titanium oxide includes 
forming the layer of erbium-doped barium strontium tita 
nium oxide in a memory. 

20. The method of claim 15, wherein the method includes 
forming the layer of erbium-doped barium strontium tita 
nium oxide as a film in an electroluminescent display. 

21. The method of claim 15, wherein the method includes 
forming the layer of erbium-doped barium strontium tita 
nium oxide as a film in a flat panel display. 

22. The method of claim 15, wherein the method includes 
forming the layer of erbium-doped barium strontium tita 
nium oxide as a film in an optoelectronic device. 

23. A method comprising: 
forming a array of memory cells; and 
forming a dielectric layer in a memory cell of the array, 

whereinforming the dielectric layer includes forming a 
barium strontium titanium oxide film by: 
forming a layer of strontium titanium oxide by atomic 

layer deposition; 
forming a layer of barium titanium oxide by atomic 

layer deposition; and 
annealing the layers of strontium titanium oxide and 

barium titanium oxide to form barium strontium 
titanium oxide. 

24. The method of claim 23, whereinforming a dielectric 
layer includes forming the dielectric layer substantially of 
the barium strontium titanium oxide film. 

25. The method of claim 23, whereinforming the dielec 
tric layer includes forming the dielectric layer as a capacitor 
dielectric in a capacitor of a dynamic random access 
memory. 

26. The method of claim 23, whereinforming the dielec 
tric layer includes forming the dielectric layer as a tunnel 
gate insulator in a flash memory device. 

27. The method of claim 23, whereinforming the dielec 
tric layer includes forming the dielectric layer as an inter 
gate insulator in a flash memory device. 

28. The method of claim 23, whereinforming the dielec 
tric layer includes forming the dielectric layer as a dielectric 
region to store charge in a NROM flash memory. 

29. A method comprising: 
forming an array of cells; 
forming a dielectric layer in a cell of the array, wherein 

forming the dielectric layer includes forming an 
erbium-doped barium strontium titanium oxide film by: 
forming a layer of strontium titanium oxide by atomic 

layer deposition; 
forming a layer of barium titanium oxide by atomic 

layer deposition; 
forming a layer of erbium oxide by atomic layer 

deposition, the layer of erbium oxide between the 
layers of strontium titanium oxide and barium tita 
nium oxide; and 



US 2008/0048225A1 

annealing the layers of strontium titanium oxide, 
barium titanium oxide, and erbium oxide to form 
erbium-doped barium strontium titanium oxide. 

30. The method of claim 29, wherein the method includes 
forming alternating layers of BaTiO, and SrTiO, with one or 
more layers of ErO interspersed among the layers of 
BaTiO, and SrTiO, in a dielectric stack before annealing to 
form erbium-doped barium strontium titanium oxide. 

31. The method of claim 29, whereinforming the dielec 
tric layer includes forming the dielectric layer as an emissive 
layer in a memory. 

32. The method of claim 29, whereinforming the dielec 
tric layer includes forming the dielectric layer in a flat panel 
display. 

33. The method of claim 29, whereinforming the dielec 
tric layer includes forming the dielectric layer as a dielectric 
layer in an electrooptic device. 

34. A method comprising: 
providing a controller, 
coupling an integrated circuit to the controller, the inte 

grated circuit having a dielectric layer containing a 
barium strontium titanium oxide film, the barium stron 
tium titanium oxide film formed by: 
forming a layer of strontium titanium oxide by atomic 

layer deposition; 
forming a layer of barium titanium oxide by atomic 

layer deposition; and 
annealing the layers of strontium titanium oxide and 

barium titanium oxide to form barium strontium 
titanium oxide. 

35. The method of claim 34, wherein coupling an inte 
grated circuit to the controller includes coupling a memory 
device having the dielectric layer containing the barium 
strontium titanium oxide film. 

36. The method of claim 34, wherein providing a con 
troller includes providing a processor. 

37. The method of claim 34, wherein coupling an inte 
grated circuit to the controller includes coupling a mixed 
signal integrated circuit formed as the integrated circuit 
having the dielectric layer containing the barium strontium 
titanium oxide film. 

38. The method of claim 34, wherein the method includes 
forming an information handling system. 

39. The method of claim 34, wherein the method includes 
forming a wireless system. 

40. A method comprising: 
providing a controller, 
coupling a device to the controller, the device having a 

dielectric layer containing an erbium-doped barium 
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strontium titanium oxide film, the erbium-doped 
barium strontium titanium oxide film formed by: 
forming a layer of barium oxide by atomic layer 

deposition; 
forming a layer of strontium oxide by atomic layer 

deposition; 
forming a layer of titanium oxide by atomic layer 

deposition; and 
annealing the layers of barium oxide, strontium oxide, 

and titanium oxide to form the erbium-doped barium 
strontium titanium oxide film. 

41. The method of claim 40, wherein coupling a device to 
the controller includes coupling a display having the dielec 
tric layer containing the erbium-doped barium strontium 
titanium oxide film. 

42. The method of claim 40, wherein coupling a device to 
the controller includes coupling a light-emitting device 
having the dielectric layer containing the erbium-doped 
barium strontium titanium oxide film. 

43. The method of claim 40, wherein providing a con 
troller includes providing a processor. 

44. The method of claim 40, wherein the method includes 
forming a multimedia system. 

45. The method of claim 40, wherein forming an infor 
mation handling system includes forming a wireless device. 

46. A device comprising: 
a Substrate; and 
a dielectric layer disposed on the substrate, the dielectric 

layer including a barium strontium titanium oxide layer 
structured as one or more monolayers. 

47. The electronic device of claim 46, wherein the elec 
tronic device includes a capacitor having the dielectric layer 
as a capacitor dielectric. 

48. The electronic device of claim 46, wherein the elec 
tronic device includes a transistor in which the dielectric 
layer is disposed. 

49. The electronic device of claim 46, wherein the elec 
tronic device includes a memory in which the dielectric 
layer is disposed. 

50. The electronic device of claim 46, wherein the barium 
strontium titanium oxide layer includes an erbium-doped 
barium strontium titanium oxide film. 

51. The electronic device of claim 50, wherein the elec 
tronic device includes an optoelectronic device in which the 
dielectric layer is disposed. 

52. The electronic device of claim 50, wherein the elec 
tronic device includes an electroluminescent device in which 
the dielectric layer is disposed. 
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